The image recognition method was proposed to quantify non-adhesion grain boundaries which were considered as a factor of coke strength besides pores, and the correlation between coke strength and the amount of defects evaluated by the method was investigated in comparison with the one by the marking method. Coke with low-quality coal was fractured by a diametral-compression test, and the fracture crosssections were observed by a scanning electron microscopy (SEM) and a 3D laser scanning microscope (LSM). The marking method and image recognition method were applied to SEM and LSM images, respectively. As a result, the fracture strength measured by the diametral-compression test was linearly decreased with an increase in blending ratio of low-quality coal. In the marking method, most non-adhesion grain boundaries were not detected up to 50% in the blending ratio, and the boundaries increased sharply from 50 to 100% in the blending ratio. On the other hand, in the recognition method, the defects which were composed of both pores and non-adhesion grain boundaries, increased linearly with the blending ratio, and the amount of defects corresponded to coke strength. Therefore, the image recognition method is expected as the quantification technique of defects decreasing coke strength.
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Introduction
Coke serves as a spacer sustaining the flow passes of liquid metal and reducing gas in a blast furnace, and coke strength is a key feature of coke. Recently, due to the rising price and depletion of metallurgical coals, coke production from low-quality coal has been required. However, the strength of the coke from low-quality coal is not enough high, and it is necessary to identify the dominant factor decreasing the coke strength.
Coke, which is generally made from caking coal is a porous material, and the coke strength of this kind is determined by the pore structure rather than the hardness of coke matrix. 1) Over the past few decades, cross-sectional observations of coke have been conducted to correlate the coke strength with pore structure. Patrick and Stacey 2) calculated the porosity of coke from the polished surface of coke using a microscope and demonstrated that coke strength decreased with an increase in porosity. Hiraki et al. 3) observed ground surfaces of coke from caking coal by an optical microscope. The section was classified into pores and coke matrix on the basis of the difference in brightness, and structure parameters (e.g., porosity, wall thickness, and pore roundness) were evaluated. They reported that coke with high porosity, low roundness pores and thin pore wall was low in strength. The strength of coke from caking coal is high because the coal particles adhere to each other during carbonization, and the strength is mainly determined by pore structure. On the other hand, Arima 4) observed the polished surface of coke made from low-quality coal by an optical microscopy and reported that the defect defined as non-adhesion grain boundaries was formed. Therefore, the dominant factor of the strength of coke from low-quality coal would be not only pore structure but also non-adhesion grain boundary.
Nomura and Arima 5) focused on the relationship between coke strength and the total dilatation of coals and concluded that the strength of coke from low-quality coal was low due to low dilatation property of low-quality coal. Kubota et al. 6) classified the microscopic photograph of the polished surface of coke from low-quality coal into pores and coke matrices based on the difference in brightness. They explained that the region of pores with low roundness below 0.2 increased with a rise in the ratio of slightly caking coal and suggested that the pores with the roundness below 0.2 were liable to be an origin of fracture. Since non-adhesion grain boundaries exist in the interface of coal particles as Arima 4) pointed out, non-adhesion grain boundaries may be contained in the pore with circularity lower than 0.2 as shown by Kubota et al. Saito et al. 7) performed fracture analyses for the coke models including coke matrices, pores and non-adhesion grain boundaries using the rigid bodies-© 2014 ISIJ spring model and demonstrated that the strength of the model coke decreased with the existence ratio of the non-adhesion grain boundaries. For the reasons mentioned above, nonadhesion grain boundaries would decrease the coke strength, and the necessity of quantification of non-adhesion grain boundaries has grown. Kanai et al. 8) observed the fracture cross-section of coke by a diametral-compression test and extracted non-adhesion grain boundaries by visual assessment and then investigated the correlation between coke strength and non-adhesion grain boundaries. However, the marking method requires a huge effort, and the result of the method would be dependent on an observer.
In this paper, we propose an image recognition method to investigate a quantitative approach to identify the non-adhesion grain boundary automatically independent of a measurer, and the correlation between coke strength and the amount of defect evaluated by the method is examined and compared with the one by the marking method. 8) Coke from caking coal blended with low-quality coal is fractured by a diametral-compression test, and the fracture surfaces are observed by a scanning electron microscopy (SEM) and a 3D laser scanning microscope (LSM). For SEM images, the marking method is used to extract non-adhesion grain boundaries with visual examination. For LSM images, the image recognition method is applied, and the fracture surfaces were classified into pores, coke matrix and nonadhesion grain boundaries with brightness and surface roughness. Moreover, the relationship of the coke strength and existence ratio of the defect is discussed. Table 1 shows the material properties of caking coal and low-quality coal used as raw materials. The caking coal and low-quality coal were blended and the blending ratio of lowquality coal was 0, 50, and 100%, respectively. The bulk density of coal particles was 0.8 dry-g/cm 3 and the particle size was <1 mm. To produce coke, the packed bed of coal particles was carbonized from room temperature to 1 273 K with heating rate of 3 K/min and at temperature of 1 273 K for 30 min by heating on the both sides in the coke oven. Then, the coke was adjusted in the cylindrical specimen with 10 mm in both diameter and height, respectively. Diametralcompression tests were performed for the samples by a universal tester (Shimadzu Co., Autograph AG-150 kN) and the tensile strength of coke was evaluated by the Weibull plot.
Method

Coke Sample and Diametral-compression Test
Quantitative Evaluation of Non-adhesion Grain
Boundaries In the previous study, 8) it has been known that there are the pores, fractured coke matrices and non-adhesion grain boundaries on the fracture surface of coke from low-quality coal. Hayashizaki et al. performed an image analysis for the polished surface of coke and the pores were extracted according to the difference in brightness because the pore had depth and its brightness was dark. 9) In addition, the fracture surface of coke matrix is smooth because coke matrix is the surface caused by fracture. In contrast, the surface of non-adhesion grain boundary is rough because the shape of coal grain is maintained. In the present study, non-adhesion grain boundaries were quantified by different two kinds of methods in consideration of these features. The fracture cross-section of coke obtained by the diametral-compression test was observed using a scanning electron microscope (SEM: KEYENCE Co., VE8800) at 1.7 kV in accelerating voltage, and the SEM images with resolution of 1 280 × 960 pixels (0.96 μm/pixel) were acquired. In the marking method, 8) rough faces on the SEM image were identified as non-adhesion grain boundaries by sight and the region was filled with pure white (255 in gray scale) by an image editing software (Paint, Microsoft). Then, the number of the pixels with a value of 255 was counted up and the area of non-adhesion grain boundaries was measured. The area of non-adhesion grain boundaries was normalized by the total area of the image and the existence ratio of the boundaries was calculated.
Observation of Fracture Surface of Coke by LSM
and Image Recognition Method The coke surface prepared by the diametral-compression test was observed using a 3D laser scanning microscope (LSM: KEYENCE Co., VK-X210), and the cross-sectional image and surface texture of coke were obtained. The images with resolution of 1 024 × 768 pixels were connected with peripheral images and the graphics of 1 920 × 1 420 pixels were acquired. The resolution was 687.8 nm/pixel and 500 nm in horizontal and vertical directions, respectively.
In the proposed image recognition method, the dark parts in the LSM image were identified as the pores, the rough parts excluding the pores were classified as non-adhesion grain boundaries, and the other ones were as coke matrices. Figure 1 shows the flowchart of the image recognition method. First, the threshold of the luminosity value was set to 40, and the pixels with the brightness value less than the threshold one were classified as pores. Then, to evaluate the roughness, the large-scale waviness profile on the cross-section as shown in Fig. 2 (2) where the measurement area was 10 × 10 pixels, and the threshold was 3.0 × 10 -12 m 2 , respectively. In other words, if the standard deviation of surface roughness was larger than 1.73 μm, the parts were classified as non-adhesion grain boundaries. The areas of pores, non-adhesion grain boundaries and coke matrices were measured. Then, the areas were normalized by the total area of the image and each existence ratio was obtained. Figure 3 shows the tensile strength of coke by the diametral-compression test. The fracture strength was linearly decreased with an increase in blending ratio of low-quality coal. It has been indicated that the dominant factor of coke strength is the pore structure because coke is a porous material. 1) Coke with low-quality coal has non-adhesion grain boundaries, 4) and Saito et al. reported that the fracture strength decreased with an increase in blending ratio of lowquality coal with numerical simulation. 7) Therefore, the increases of pores and non-adhesion grain boundaries would decrease the strength of coke with low-quality coal.
Results and Discussion
Coke Strength with Blending of Low-quality Coal
Quantitation of Non-adhesion Grain Boundaries
Marking Method
Non-adhesion grain boundaries were quantified by the marking method. Figure 4 shows SEM images of fracture surface of coke whose blending ratio of low-quality coal is 0, 50 and 100%. The fracture surface of coke is almost smooth up to 50% in blending ratio, and the surface is rough in case of 100% in blending ratio. For example, as shown Fig. 5(a) , the marking process was conducted for the fracture cross-section in case of 75% in blending ratio, and marked results as shown in Fig. 5(b) were obtained. 8) Nonadhesion grain boundaries were quantified for fractured coke surface with 0, 50, 100% in the blending ratio, and then the existence ratio of non-adhesion grain boundaries was acquired as shown in Table 2 . When the blending ratio of low-quality coal was 0%, there were no non-adhesion grain boundaries, and there were also few boundaries with the blending ratio of 50%. In contrast, the boundaries increased sharply in case of 50% in the blending ratio. Therefore, although the marking method qualitatively expressed the increasing trend of non-adhesion grain boundaries with the blending ratio of low-quality coal, the non-adhesion grain boundaries had little correlation with coke strength which decreased linearly. Moreover, these results would rely on an observer and the marking method required a huge effort because non-adhesion grain boundaries were identified by visual assessment. Consequently, an automated image analysis without artifact is essential for the quantification of the non-adhesion grain boundaries.
Image Recognition Method
Non-adhesion grain boundaries were quantified by the image recognition method. Figure 6 shows LSM images of fracture cross-section of coke whose blending ratio of lowquality coal is 0, 50 and 100%. The texture of cross-section varies with the blending ratio of low-quality coal as in SEM images. The image of coke from caking coal (i.e., 0% in the blending ratio of low-quality coal) was smooth, and the one of coke from low-quality coal (i.e., 100% in the blending rate) was textured. First, the recognition method was applied to the LSM image with 0% in the ratio shown in Fig. 7(a) . Figure 7(b) shows the pores and the others were classified by brightness from Fig. 7(a) . The result clearly shows that the characteristic pore in the lower part of Fig. 7 (a) can be captured. Next, to evaluate surface roughness, the filter operation indicated in Fig. 8 was carried out. Figure 8(a) shows the LSM image of 0% in the blending ratio of lowquality coal. The real surface shown in Fig. 8(b) was obtained from a part of Fig. 8(a) . A Gaussian filter given by Eq. (1) was applied to the real surface, and the undulation shown in Fig. 8(c) was calculated. Then, roughness was only extracted by removal of the undulation in Fig. 8(c) from the surface shown in Fig. 8(b) . The parts excluding the pores in Fig. 7 (a) were classified by roughness, and the identified result was acquired as shown in Fig. 7(c) . The non-adhesion grain boundaries, matrices, and pores on the fracture surface can be recognized by the above method. Figure 9 shows the classified fracture cross-section of coke with 0, 50, and 100% in the blending ratio of low-quality coal by the image recognition method. This result indicates that non-adhesion grain boundaries can be successfully extracted from LSM images of Fig. 2 . The classification is then evaluated quantitatively. Table 3 lists the existence ratio distin- The existence ratio of pores increased and then decreased with an increase in the blending ratio of low-quality coal. Hence, there was not clear association between the blending ratio and existence ratio of pores. It is difficult to resolve the variation of coke strength with an increase in the blending ratio only by the evaluation of brightness (e.g., Hayashizaki et al. 9) ), which is one of the image analyses. The parts excluding the pores were classified into the non-adhesion grain boundaries and matrices by surface roughness, and the classified results listed in Table 4 were obtained. In respect of non-adhesion grain boundaries, the existence ratio of non-adhesion grain boundaries decreased and then increased with an increase in the blending ratio of low-quality coal. From the results, the blending ratio of low-quality coal was poorly correlated with the existence ratio of the boundaries. This is caused by the classification of pores and non-adhesion grain boundaries, and it appears that the parts with the large standard deviation of roughness affect the evaluation of brightness. Therefore, in consideration of the non-adhesion grain boundaries judged as pores, not only the boundaries but pores were regarded as defects, and Table 4 was replaced to the result shown in Table 5 . The result indicates that the increasing trend of the amount of defects with the blending ratio, and the defect is well correlated with the blending ratio. In regard to coke strength, the coke strength decreasing linearly related to the amount of defects which decreased linearly. Hence, the change in the amount of defects can be captured by classifying pores with brightness and non-adhesion grain boundaries on the basis of surface roundness.
In the present study, it is demonstrated that the amount of non-adhesion grain boundaries was estimated by the marking method, and the defects were quantified by the image recognition method. In the marking method, non-adhesion grain boundaries were not detected up to 50% in blending ratio of low-quality coal, and the boundaries increased sharply with 100% in blending ratio. The non-adhesion grain boundaries identified by the marking method had little correlation with coke strength which linearly decreased with an increase in the blending ratio of low-quality coal. Moreover, since these results can be dependent on an observer, when the measurer is different, the results would change. On the other hand, although the image recognition method requires a few input parameters for quantifying non-adhesion grain boundaries, it was demonstrated that the fracture cross-section of coke can be classified by clear indexes unlike the marking method. The defects detected by the image recognition method increased linearly with the blending ratio of low-quality coal, and the defects were successfully correlated to coke strength which linearly decreased with an increase in the blending ratio.
Conclusion
In the present study, the image recognition method was proposed to quantify non-adhesion grain boundaries which were considered as a factor of coke strength besides pores, the correlation of coke strength and the amount of defects evaluated by the method was investigated in comparison with the ones by the marking method. Coke from low-quality coal was fractured by the diametral-compression test, and the fracture surfaces were observed by the scanning electron microscopy (SEM) and 3D laser scanning microscope (LSM), respectively. The marking method was applied to SEM images to quantify non-adhesion grain boundaries, and the image recognition method was applied to LSM images to evaluate defects which were composed of pores and non-adhesion grain boundaries. The fracture strength linearly decreased with an increase in blending ratio of low-quality coal. In the marking method, non-adhesion grain boundaries were not detected up to 50% in blending ratio of low-quality coal, and the boundaries increased sharply with 100% in blending ratio. On the other hand, in the recognition method, the amount of defects increased linearly with the blending ratio, and the amount of defects successfully corresponded to coke strength. For the reasons mentioned above, the image recognition method is expected as the quantification technique of defects decreasing coke strength with few human effort by improving the input parameters.
